A normally-off InAlN/GaN high electron mobility transistor (HEMT) on Si substrate with a p-GaN gate is reported. Devices are fabricated on two different epitaxial structures, one containing a high resistive GaN buffer layer and one containing an AlGaN back-barrier, and the threshold voltage, drain current density, and buffer leakage current are compared. With the epitaxial structure containing a high resistive GaN layer, normally-off operation with a threshold voltage of +0.5 V is achieved. The threshold voltage is further increased to +2 V with the AlGaN back-barrier, and the buffer leakage current was improved by over an order of magnitude.
INTRODUCTION
GaN-based high electron mobility transistors (HEMTs) are widely popular for high-power and high-frequency devices in many defense and commercial applications owing to their wide bandgap, high electron saturation velocity, high breakdown field, large polarization, and high two-dimensional electron gas (2DEG) density [1] [2] [3] . Lattice matched InAlN/GaN heterostructures have the advantages of higher 2DEG density due to higher spontaneous polarization fields, less strain and less crystal defects compared to the AlGaN/GaN counterpart and are thus promising candidates for power and RF device applications [4] [5] [6] [7] [8] . GaN-based HEMTs are inherently normally-on devices; in many power electronics applications, such as in switching applications, normally-off operation is preferred for security, reliability, and compatibility reasons. Various different approaches, such as a gate recess, fluorine treatment, p-type gate, and thin AlGaN barrier have been demonstrated to obtain normally-off HEMTs for AlGaN/GaN based devices [9] [10] [11] [12] [13] . Similarly, using fluorine treatment, gate recess, and ultrathin (e.g. 2 nm) InAlN barrier layers InAlN/GaN enhancement mode HEMTs have been realized [14] [15] [16] .
In the p-type gate approach, a p-(Al)GaN layer acts to lift up the conduction band above the Fermi level, resulting in the depletion of the 2DEG channel by the p-n junction even in the absence of an external applied bias. This method is utilized in commercially available normally-off GaN HEMT devices. The p-type gate method has the advantage of controllability of the threshold voltage, also, it is a reliable method. The disadvantages are that the obtainable threshold voltages are relatively low and the gate leakage is larger. An AlGaN back-barrier can further improve these characteristics through increasing the threshold voltage by acting as a virtual p-type doping and mitigating the buffer leakage current by providing effective confinement of the electrons in the 2DEG region 17 .
This study aims to achieve normally-off operation in InAlN/GaN HEMTs by utilizing a p-GaN gate. The effects of an AlGaN back-barrier on these normally-off devices are investigated. Devices are fabricated on two different epitaxial structures, one containing a high resistive GaN layer and one containing an AlGaN back-barrier. The AlGaN backbarrier serves to further increase the threshold voltage by acting as virtual p-type doping, and to mitigate the buffer leakage current. A threshold voltage of +0.5 V is achieved from the epitaxial structure with the high resistive GaN layer. insight into t mplified struct -barrier was u es in the litera er layer thickn g. 1 and Fig. 2 the AlGaN ba Fig. 1(b) 
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ight B1500A e bias at a dra ken before th ig. 5(a), it can ases after the fer leakage, su With the etch SiN passivati leakage curre n, the transcon N back-barrier at the maximu n the bias ran current and th The presented HEMTs in their current state show poor performance in terms of driving current and off-state leakage performance. This may evoke a false notion that p-GaN concept is inappropriate for InAlN/GaN-based devices, however, the reason for the poor performance is unoptimized epitaxy and processing. The obtained drain current density is lower than what can be achieved with the InAlN/GaN [19] [20] [21] , owing to the trade-off in the annealing temperature for Ti/Al/Ni/Au Ohmic contacts between achieving low contact resistance and the degradation of the channels sheet resistance 22 . For Ti/Al/Ni/Au Ohmic contact metallization, the Ohmic contact resistance has been shown to decrease while carrier mobility has been shown to be stable up to annealing temperatures of 850°C, after which a significant degradation of the mobility accompanied by a decrease in sheet carrier density begins to occur 22 . The off-state leakage is due to poor buffer design in the epitaxy. The leakages of the SiN passivated devices were characterized using leakage test structures (Fig. 7 inset) . The test structures consist of source-drain metallization separated by 5 µm with the channel removed in the mesa isolation step. The structure without an AlGaN back-barrier demonstrates leakage starting from the order of mA/mm for the measured voltage range, whereas the structure with an AlGaN back-barrier demonstrates leakage on the order of uA/mm up to 15 V and less than 1 mA/mm up to 35 V. For typical operation voltages of a transistor, an improvement of 5 to 6 orders magnitude in leakage is observed for structures utilizing an AlGaN back-barrier over devices without a back-barrier.
Leakage Characterization

CONCLUSION
In summary, we have demonstrated normally-off p-GaN gate HEMTs based on the InAlN/GaN heterostructure and studied the effect of AlGaN back-barriers on the DC characteristics of the said device. A positive threshold voltage of +0.5 V is achieved with the p-GaN/InAlN/GaN structure which further increases to +2 V with the use of an AlGaN backbarrier. In addition, AlGaN back-barrier devices show improved buffer leakage currents by five orders of magnitude. The reduction in drain current observed for structures with AlGaN back-barrier can be compensated by means of introducing an AlN spacer layer between the barrier layer and GaN channel or increasing the Al content of the barrier layer.
